ABSTRACT: Using orthogonal test, cubic anti-pressure test and splitting tension strength test were carried out on 9 groups of steel-polypropylene (PP) hybrid fiber lightweight aggregate concrete and 1 group of standard lightweight aggregate concrete, in order to explore the impacts of steel fiber content, length-diameter ratio of PP, and PP content on light aggregate concrete's mechanical performance. Based on the test results, an optimum mix ratio of steel-PP hybrid fiber lightweight aggregate concrete has been found.
INTRODUCTION
In recent years, lightweight aggregate concrete has become the darling of experts of civil engineering and building materials all around the world. With low density, good thermal insulation and excellent earthquake resistance, it can become a good solution to the self-weight issue of high-rise buildings and long-span architectures. However, studies on lightweight aggregate concrete (Gong Luoshu & Liu Chunpu, 2013) show that lightweight aggregate concrete has lower flexural strength compared with normal concrete in the same class of intensity. Moreover, the lightweight aggregate concrete becomes more brittle as its strength increases making its engineering application subject to many restrictions. Numerous studies at home and abroad (O Kayali et al., 1999; Hua, 1998; Ding & Yang, 2006; Liu et al., 2009) have shown that high elastic modulus steel fibers, compared with low elastic modulus steel fibers, can effectively suppress the shrinkage crack of lightweight aggregate concrete, and can increase the tensile strength and toughness of concrete. However, synthetic fibers such as PP play a unique role in solving early-stage plastic cracking and reducing the drying shrinkage and deformation of concrete. Mixing lightweight aggregate concrete with high elastic modulus steel fibers and low elastic modulus of polypropylene fiber will form the hybrid fiber reinforced lightweight aggregate concrete. Mixing the hybrid fiber with lightweight aggregate concrete can give full play of "Positive Hybrid Effect (Tang Peizhao, 1998)" ) in enhancing and improving the mechanical properties of lightweight aggregate concrete, which provides testing and theoretical references for engineering application of hybrid fiber reinforced lightweight aggregate concrete in China.
Orthogonal test method uses neatly arranged orthogonal arrays for overall design, comparison, and statistical analysis of the test, so as to achieve through a few times better production conditions, and finally achieve the highest production process. It is an effective mathematical method for multiple-factor experiment (Guo Jianguang, 2013) . Using the orthogonal test method, experimental research was done on 18 cubes of hybrid fiber lightweight aggregate concrete and 1 cube of common lightweight aggregate concrete, and their cubic comprehensive strength and splitting tension strength were studied. Factors such as steel fiber content, lengthdiameter ratio of PP, and PP content This paper, via orthogonal test, makes an analysis of the impact of steel/polypropylene fiber on the mechanical properties of lightweight aggregate concrete, so as to get the optimum ratio of hybrid fibers; besides, this paper has explored the strengthening mechanism of fibers. 2. Light coarse aggregate: high-strength shale ceramsite (spherical type) produced by Yichang Baozhu Ceramsite Development Co., Ltd. Its void ratio is 43%, apparent density is 1330kg/m 3 , bulk density is 770kg/m 3 , and particle diameter is no greater than 20mm.
3. Fine aggregate: medium sand from Xiamen ISO Standard Sand Co., Ltd., with fineness modulus of 2.54, clay content of 1.3%, and size no greater than 5mm.
4. Water reducer: It is used for improving the workability of concrete. As an ordinary water reducer from Waterproof Family, it has a water-reducing rate of 8%-15%.
Fly ash:
This type of fly ash (grade I) is produced by Yangluo Power Plant, the performance of which is shown in Table 1. 6. Steel fibers: these are corrugated steel fibers produced by Wuhan Xintu Fiber Works
Manufacturing Ltd., with a length-to-diameter ratio of 50 and tensile strength of 506Mpa.
Polypropylene fiber: polypropylene fiber provided by Taian Shengda Fiber Works
Manufacturing Ltd., the basic performance of which is shown in Table 2 . 
Mix ratio
In order to comprehensively analyze the impact of steel fibers and polypropylene fiber on the cubic comprehensive strength and splitting tension strength of lightweight aggregate concrete and to find out the optimum mix ratio of hybrid fiber lightweight aggregate concrete, for economic and practical reasons, the orthogonal test method is adopted, using the L 9 ( 3 4 ) orthogonal table and taking into consideration of three factors and three levels, the results of which are shown in Table 3 . 
Result analysis
Result analysis of orthogonal test can be divided into two types: intuitive analysis and variance analysis. In this paper, intuitive analysis is adopted so as to explore the impact of steel/polypropylene hybrid fiber on the strength of lightweight aggregate concrete. Results are shown in Table 6 , where K1, K2, and K3 represent the test result got from each factor in Level 1, Level 2, and Level3, respectively. K1, K2, and K3 are the average value, and the extreme difference R represents the difference between the maximum and minimum average value. 
Impact on compressive strength
For a more intuitive analysis of the tests of three different levels, we can draw the trend between the factor level and the compressive strength, which is shown in Figure 1 (Xu Zhongan, 2005) . Analysis of Table 6 and Figure 1 shows that in regard to compressive strength, when the content of steel fiber is 1%-2%, the length-to-diameter ratio of polypropylene is 30-90, and the content of polypropylene is 0.06%-0.14, then the impact order of each factor is: B (length to diameter ratio of polypropylene) ﹥ C (content of polypropylene) ﹥ A (content of steel fiber). Among the three factors, the factor length-to-diameter ratio of polypropylene shows the greatest impact.
Judging from Table 6 , when length-to-diameter ratio of polypropylene is 60, namely, the Compressive strength
Factor level combination of 2, 5, and 8, then the compressive strength of concrete is generally higher than other combination. Compared with reference concrete, the compressive strength has increased by 20.6%, 8.14%, and 16.23%, respectively. Therefore, it can be seen that the length-todiameter ratio of polypropylene has large impact on compressive strength of concrete. In addition, the mix of steel fiber has some effect on elevating the compressive strength, as when its content is increased from 0.1% to 0.2%, obvious change in compressive strength of concrete can be seen, and following the increase of the content of steel fibers, the compressive strength of concrete also increases. If we only consider the improvement of compressive strength, then the best combination of hybrid fiber lightweight aggregate concrete is A1B2C2, that is to say, when the content of steel fiber is 1%, length-to-diameter ratio of polypropylene is 60, and content of polypropylene is 0,10%, then the optimum mix ratio for hybrid fiber lightweight aggregate concrete can be got.
Impact on splitting tensile strength
Trend of splitting tensile strength and factor levels is shown in Figure 2 . (length-to-diameter ratio of polypropylene fiber). Content of steel fiber shows a great impact in improving the tensile strength of concrete, as when the content of steel fiber is increased from 0.1% to 0.2%, the tensile strength of concrete increases from 4.3Mpa (the smallest) to 7.35Mpa.
Compared with the reference concrete, the tensile strength is enhanced by 116.3%. Meanwhile, with the mix of polypropylene fiber, the tensile strength of the concrete is also significantly enhanced. If we only consider the improvement of tensile strength, then the best combination of Factor level Splitting tension strength hybrid fiber lightweight aggregate concrete is A3B2C3, that is to say, when the steel fiber is 1.50%, length-to-diameter ratio of polypropylene is 60, and content of polypropylene is 0.14%, the optimum mix ratio for hybrid fiber lightweight aggregate concrete can be got.
SUMMARY
(a) When the content of steel fiber is 1%-2%, the length-diameter ratio of polypropylene is 30-90, and the content of polypropylene is 0.06%-0.14%, then the length-diameter ratio of polypropylene has the greatest impact on the cubic comprehensive strength of hybrid fiber lightweight aggregate concrete.
(b) When the content of steel fiber is 1%-2%, the length-diameter ratio of polypropylene is 30-90, and the content of polypropylene is 0.06%-0.14%, then the content of steel fiber has the greatest impact on the splitting tension strength of hybrid fiber lightweight aggregate concrete.
(c) When steel fiber with a volume fraction of 0.2% and polypropylene fiber with a length-todiameter ratio of 60 and a volume fraction of 0.14% are added to the standard lightweight concrete, then the lightweight aggregate concrete can get an obvious enhancement.
(d) The mix of steel/polypropylene fiber has some impact on the strength of lightweight aggregate concrete. When its content is controlled to a certain range, then the "Positive Hybrid Effect" can be put into full play and the strength of lightweight aggregate concrete can generally be improved; however, when its content is too high, it is not only uneconomical, but also is impedimental to another type of fiber's play, thus reducing the strength of lightweight aggregate concrete.
